Negative magnetocaloric effect from highly sensitive metamagnetism in CoMnSii ^^Gea; 



O 

o 

(N 



I 

o 
o 



> 

00 

in 

00 

cn 

o 
o 



I 

o 
o 



X 



K.G. Sandeman/ R. Daou,^ S. Ozcan,^ J.H. Durrell,i N.D. Mathur,i and D.J. Fray^ 

^ Dept. of Materials Science and Metallurgy, University of Cambridge, 
New Museums Site, Pembroke Street, Cambridge, CB2 3QZ, UK 
^Cavendish Laboratory, University of Cambridge, 
JJ Thompson Avenue, Cambridge, CBS OHE, UK 

We report a novel negative magnetocaloric effect in CoMnSii-^Gea; arising from a metamag- 
netic magnetoelastic transition. The effect is of relevance to magnetic refrigeration over a wide 
range of temperature, including room temperature. In addition we report a very high shift in the 
metamagnetic transition temperature with applied magnetic field. This is driven by competition 
between antiferromagnetic and ferromagnetic order which can be readily tuned by applied pressure 
and compositional changes. 

PACS numbers: 75.30.Sg, 75.30.Kz 



Whilst the magnetocaloric effect (MCE) has been 
known since 1881 [l|, it has only recently been thought 
of as providing a potential alternative to conventional 
gas compression refrigeration in the room temperature 
range. The conventional, positive, MCE — where a mate- 
rial heats when a magnetic field is applied adiabatically — 
has historically been used to achieve mK temperatures 
for scientific research by demagnetisation of paramag- 
netic salts. However, the effect is largest around sharp 
magnetic transitions, and recent work has demonstrated 
giant MCEs near first order magnetic transitions that, by 
varying material composition and/or applied magnetic 
field, occur over a wide range of temperatures extending 
above room temperature 

There has already been significant progress in the de- 
sign of prototype magnetic refrigerators 0, fuelled by 
the prediction that such devices could impact on carbon 
emissions as they are potentially 40% more efficient than 
a conventional refrigerator However, initial excite- 
ment arising from such developments has been tempered 
by two factors: the size of the magnetic fields required 
and the cost of the magnetocaloric refrigerants. Ideally, 
permanent magnets (of strength below 2 Tesla) should 
be used. In contrast, many prototype refrigerators have 
used high fields generated by superconducting coils. On 
the second point, high purity gadolinium, on which sev- 
eral proposed magnetocaloric alloys are based, has a cost 
of the order of $500/kg. Less expensive alternative refrig- 
erants suffer from other problems: martensitic Heusler 
alloys such as Ni2+a;Mni_a;Ga and Ni2+a;Mni_a;Sn have 
a large magnetic hysteresis 0,13; MnFePi_a;Asa; Q and 
MnAs-based materials 01 contain toxic As. Feo.49R.ho.51 
is both expensive and loses its negative MCE upon mul- 
tiple cycling of the applied field (sl . 

Almost all room temperature magnetocalorics exhibit 
a positive MCE associated with a Curie transition. 
Only the metamagnets FeRh and Ni2+a;Mni_a;Sn have 
exhibitied a significant negative magnetocaloric effect, 
where the material cools when a field is applied. The 
lack of study of metamagnetic transitions by the mag- 
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FIG. 1: Schematic magnetic phase diagram of 
CoMnSii-xGea;, after Niziol et al. Both the tem- 

perature of the transition between paramagnetic (PM) and 
ferromagnetic (FM) states, Tc and that between the FM and 
antiferromagnetic (AFM) states, Tt shift with Ge content 
and applied magnetic field, H as shown. Exact temperatures 
are not shown due to the variability in literature data (see 
inset). Hydrostatic pressure also reduces Tt (see text). 



netocaloric community is surprising given that they are 
more likely to be first order than their ferromagnetic 
cousins. In this Letter we study the pseudoternary meta- 
magnet CoMnSii_a;Gea;, a novel room temperature nega- 
tive magnetocaloric material system which addresses the 
issues of cost, hysteresis and toxicity outlined above. In 
particular we draw attention to the rapid variation of 
its metamagnetic transition temperature, Tt with mag- 
netic field (large \dTt/dH\). This highly desirable prop- 
erty usually brings about a large adiabatic temperature 
change in a magnetocaloric material when it is exposed 
to a rapid change in applied magnetic field over a wide 
range of working temperatures. We will show in partic- 
ular that CoMnSi exhibits an MCE over a wide range 
of temperatures, but this MCE is limited by such a high 
\dTt/dH\. We will point to ways in which CoMnSi might 
be optimised from this point of view. 

The various magnetic phases of the CoMnSii_a;Gea; 
material system were examined by Niziol and cowork- 
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ers in the 1970s and 1980s [HIIll. This paper will focus 
on the range x < 0.1. CoMnSi is orthorhombic, with 
space group Pnma and exhibits competition between he- 
lical non-coUinear antiferromagnetic order and ferromag- 
netic order. It is antiferromagnetic at low temperatures 
and shows a sample-dependent first order metamagnetic 
transition to a ferromagnetic state at a transition tem- 
perature Tt of between 207 K and 360 K [T^. The fer- 
romagnetic state has a second order Tc which in much of 
the literature is at about 390 K A schematic phase 
diagram of the orthorhombic phase of CoMnSii_2;Gea; for 
X < 0.3 is summarised in Figure ^ 

We concentrate here on the first order metamagnetic 
transition at Tt in CoMnSii_a;Gea;. We note that other 
authors have found a wide variation in the zero-field value 
of Tt. Medvedeva quotes a value of 260 K in a 1 Tesla 
field from samples made by melting elemental Co, 
Mn and a 1% excess of Si together in a high frequency 
furnance under an argon atmosphere. Early work by 
Bihczycka et al. found values as low as 207 K in sam- 
ples grown by melting elemental Co, Mn and Si, followed 
by annealing at 1273 K and rapid quenching [ij]. The 
latter results were later attributed to a lack of sample 
homogeneity, and a higher Tt was obtained by a change 
in growth method jl2|. Specifically, the change involved 
melting binary CoSi and elemental Mn, followed by an- 
nealing at temperatures between 1000 K and 1200 K. We 
note here that the choice of annealing routine (hold tem- 
perature and rate of cooling) was also observed to have 
an effect on the magnetic properties of CoMnSi as early 
as 1973 in the work of Johnson and Frederick and 
was cited as the main cause for the sample dependent 
magnetic behaviour in the work of Medvedeva [13 . 

Thus, the precise magnetism of CoMnSi has been 
found to be extremely sample dependent. We suggest 
that this may be because the magnetism of this mate- 
rial is highly sensitive to the separation of manganese 
atoms, on which most of the magnetic moment is to be 
found 10. Both small amounts of Ge substitution on 
the Si site and the application of hydrostatic pressure 
have been shown to cause a rapid decrease in T(. The 
rate of change of Tt wit h p ressure is very high: dTt/dp 
is between -60 K/GPa [H and -100 K/GPa Pre- 
vious crystallographic work shows that there is a volume 
contraction associated with the transition from the low 
temperature antiferromagnetic state to the high temper- 
ature ferromagnetic state |l2l |. This would explain why 
the application of hydrostatic pressure stabilises the fer- 
romagnetic phase, reducing Tt [H E3- Although Ge 
substitution expands the lattice relative to stoichiomet- 
ric CoMnSi, perhaps the reduction of Tt in that instance 
is driven by a change in the thermal expansion properties 
of the material. (For example, if the critical atomic sepa- 
ration for a change in the exchange interaction is reached 
at a lower temperature — see later.) There is also the pos- 
sibility of the observed variability in sample behaviour 
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FIG. 2: Magnetisation versus field for CoMnSi, at 10 K in- 
tervals in temperature, between 250 K and 350 K. The inset 
shows the same measurement between 240 K and 270 K in 3 K 
intervals. In this temperature range, the metamagnetic field 
is in the range 3.4 T to 5 T and the metamagnetic transition 
appears to split in two. 

being controlled by atomic disorder, as yet unquantified. 

In small fields, the metamagnetic transition at Tt is 
probably to a fan spin state of small net moment. Pre- 
vious literature indicates that fields of around 2 Tesla 
are required to observe a transition at Tt in CoMnSi at 
280 K 10] to a state approaching a large magnetisation 
of 100 emu/g. Here, we seek to obtain a unified pic- 
ture of the effects of substitution, pressure and magnetic 
field on the tunability of the metamagnetic transition in 
a set of identically fabricated samples of CoMnSi i_ 2: Gcj,. 
The variability and possible tunability of Tt in CoMnSi 
makes this material an interesting candidate magnetic re- 
frigerant if we can readily alter the region of temperature 
where the isothermal entropy change, AS is maximal and 
where the largest magnetocaloric effect is found. 

Samples were prepared by induction melting pieces of 
elemental Mn (99.99%), Co (99.95%), Si and Ge (both 
99.9999%) in 1 bar of argon. Weight losses were 0.3% to 
0.5%. All samples were annealed in evacuated silica am- 
poules at 1223 K for 60 hours, and slowly cooled to room 
temperature at a rate of 0.2 K per minute. X-ray diffrac- 
tion of powdered samples showed only an orthorhombic 
{Pnma) phase. Scanning electron microscopy images of 
the materials showed a lack of significant contrast, which, 
if present, would be indicative of compositional varia- 
tions. These two observations suggest the absence of 
a second phase. Rietveld refinement of lattice param- 
eters and atomic coordinates was also performed. Mag- 
netic measurements were performed in a vibrating sam- 
ple magnetometer (maximum field 1.8 T) and a SQUID 
(maximum field 5 T). 

From low field magnetisation measuremnents, we 
found Tt -390 K and -420 K for CoMnSi; the highest 
values yet recorded for this material. In Figure[21we show 
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FIG. 3: Variation of the metamagnetic transition tempera- 
ture Tt with applied field, for CoMnSii-^^Gei, (x=0, 0.05 and 
0.08). In each case, the metamagnetic transition splits into 
two transitions at the highest fields. 
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FIG. 4: The isothermal entropy change of CoMnSii_i,Gei: 
(x=0, 0.05 and 0.08), on changing the applied field from zero 
to either 2 Tesla or 5 Tesla. Also shown is the magnitude of 
the negative adiabatic temperature change, AT, of CoMnSi 
when the applied field is raised from zero to 5 Tesla, together 
with an estimate of AT using our AS' data and Eq. |3] 



the isothermal magnetisation vs apphed field for CoMnSi 
at temperatures between 250 K and 350 K. Data at each 
temperature was taken in increasing fields directly after 
zero field cooling from 350 K. The first order metamag- 
netic transition is very sensitive to applied field: it shifts 
by 100 K in the range 2 T to 4 T. Just as Tt is higher than 
hitherto measured, so the metamagnetic transition fields 
at a given temperature are larger than previously found. 
Corresponding magnetisation curves were obtained for 
CoMnSii_^Ge^ with x = 0.05 or 0.08. These lead to the 
magnetic phase diagram shown in Fig. |2| In all cases, 
the metamagnetic field was taken as the point (s) of in- 
fiexion in the M{H) curve. In all three compounds the 
transition seems to split in two in the highest applied 
fields. This is illustrated for CoMnSi in the inset to Fig- 
ure 13 and the splitting becomes more pronounced as the 
level of Ge substitution is increased. At this stage we 
cannot establish whether the splitting of the metamag- 
netic transition is due to a lack of homogeneity or is a 
consequence of a high field transition to an intermediate, 
canted ferromagnetic state, as p redicted for helical anti- 
ferromagnets by Nagamiya ]xA,- We note that previous 
authors associated a canted state with a much smaller 
magnetic crossover feature at lower fields 

We use a Maxwell relation to obtain the isothermal 
change in total entropy from the isothermal M(H) curves: 

AS,oUT,AH)^ i^—j^dH. (1) 

This still holds true in the first order scenario if we choose 
to ignore magnetic and thermal hysteresis for the mo- 
ment. It is a fair approximation as the measured thermal 
hysteresis in CoMnSi is only 3 K at 3 Tesla, correspond- 
ing to a small shift in the metamagnetic transition field 



of around 0.1 Tesla. From Equation ^ and the M(H,T) 
data, entropy change curves for each of the three com- 
pounds were obtained and are shown in Figure 01 In a 
field change of 5 Tesla, all three compounds display a 
large, broad, positive isothermal entropy change associ- 
ated with Tt and the onset of a negative change associated 
with Tc- For a large entropy change associated with the 
metamagnetic transition to be observed, Tt must be far 
removed from the Curie temperature. This necessitates 
fields in excess of ~2 Tesla. Ge substitution reduces the 
fields and temperatures required for the metamagnetic 
transition relative to those in CoMnSi, as expected. How- 
ever, the transition is made less first order by substitu- 
tion, so there is not a great increase in the size of AS* for a 
given applied field. We henceforth focus on CoMnSi, for 
which there exists the greatest amount of literature data 
with which to make comparisons. The entropy change in 
CoMnSi is smaller than that in other metamagnets previ- 
ously investigated (FeRh, MnsGaC) and this is consistent 
with another observation. The rate at which the metam- 
agnetic transition temperature changes with applied field 
is very large — as high as -50 K /T in low fields (ri ght h and 
side of Figure 3), compared to -8 K/T for FeRh and 
-5 K/T for MngCaC Such a large magnitude of 

dTt/dH (or, equivalently, small dHc/dT) enables a wide 
range of working temperatures to be covered by a single 
material, although it also reduces the isothermal AS*, as 
given by the Clausius Clapeyron equation for first order 
magnetic phase transitions: 

A5,otai(T, Aif) = -AM = -AM (g)" . 

(2) 

Here AM is the change in magnetisation at the transi- 
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tion, assumed to be independent of the strength of the 
applied field. Once fields in excess of 2 Tesla are ap- 
plied to CoMnSii_a;Ge3,, the metamagnetic transition be- 
comes more first order and dTt/dH decreases in magni- 
tude, both factors leading to a much enhanced isothermal 
entropy change. Nevertheless, the extraordinarily large 
dTt /dH of CoMnSi in fields below 2 Tesla has a profound 
effect on the adiabatic temperature change, AT: 

AT(r, AH = H)^ _ilA5totai(T, AH = H) (3) 
Oh 

where Ch is the field-dependent heat capacity in the re- 
gion of the magnetic transition. We then see, by connec- 
tion to Equation 12 that a very large dTt/dH^ as in the 
case of CoMnSi, severely reduces the adiabatic AT. We 
have also measured this adiabatic AT in a field change 
of zero to 5 Tesla over a temperature range of 230 K to 
290 K, using a K-type thermocouple attached to a sample 
much larger than the dimensions of the thermocouple, all 
encased in teflon. Fields were generated in an 8 Tesla Ox- 
ford Instruments cryostat. As can be seen from the data 
in Figure^ the resulting AT(T) curve peaks at nearly 
2 K at ~250 K and is consistent with a crude estimate 
which may be obtained by using the 5 Tesla AS'(T) curve 
and Eq. Owith a fixed value of heat capacity, taken here 
to be 700 J/kg, the value we obtain at T in zero field 
measurements using a TA Instruments QIOOO DSC. 

Our data, when compared with that from previous 
studies on CoMnSi, opens up the possibility of tuning 
the behaviour of the metamagnetic transition in this ma- 
terial, perhaps through heat treatment. We suggest here 
that the fact that our material has the highest recorded 
zero-field T( and the highest at a given temperature 
may be related to the observation that it has the largest 
measured lattice a parameter (5.868 A) at room tempera- 
ture. It is known that there is a reduction in the a param- 
eter as the temperature is increased towards the metam- 
agnetic transition [l^ . Therefore, a high room temper- 
ature value of a might yield the observed high zero-field 
value of T( if the metamagnetic transition occurs at a 
favoured lattice spacing, as suggested in the phenomenol- 
ogy of Kittel [iOl . This is shown graphically in Figure [3 
where extrapolations of measured lattice a parameter to 
the metamagnetic transition temperature yield approxi- 
mately the same critical value of a. We include in this 
plot two of our CoMnSi samples; one slowly cooled after 
annealing (our usual heat treatment), and a second sam- 
ple quenched instead of slowly cooled, which had a broad 
metamagnetic transition at around 300 K and a reduced 
room temperature lattice a parameter of 5.846 A. The 
parameter leading to the differences between samples in 
the literature and in this study may be the annealing 
method. Annealing is made necessary in this material 
because of a structural phase transition from a hexago- 
nal phase at around 1100 K encountered on cooling from 
the molten state during synthesis Documented an- 
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FIG. 5: The points show the measured a-axis parameter for 
samples of CoMnSi annealed in different ways [lol 113 . 
Extrapolations of a to liigher temperature, based on a fixed 
value of da/dT = -2.3 x 10""* AK"^ (extracted from Niziol et 
al. 12|) are also shown. The experimentally observed metam- 
agnetic transition temperatures (arrows) correspond approx- 
imately to the same critical value of a of about 5.84 A. 

nealing temperatures vary considerably, and there is in- 
complete information in the literature about the rates 
of cooling used. It may be possible that different hold 
temperatures and cooling rates freeze in different lattice 
strains, altering the separation of Mn atoms, and thereby 
the sensitive metamagnetic properties of CoMnSi. 

We conclude that suitable systematic control of the 
magnetic exchange interactions and/or atomic order 
could adjust He, Tt and \dTt/dH\ and thereby make 
CoMnSi a useful new negative magnetocaloric in rel- 
atively low magnetic fields. We have demonstrated 
that a very sensitive metamagnetic transition — unlike 
many of those previously studied by the magnetocaloric 
community — enables a broad range of magnetocaloric 
working temperatures around room temperaure to be 
covered by a single material, whilst harnessing the first 
order nature of the transition. 
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